Development of road system causes worldwide barriers to wildlife movement and leads to mass road mortality which is a serious threat to the biodiversity, especially globally endangered amphibians. Animal carcasses, however, constitute an important noninvasive material for further research including species life history traits, but there is little known whether the road-killed animals are a representative sample of entire population. The aim of our research was to compare the age structures between road-killed and live individuals which crossed the road successfully during the breeding migration. As a model species, we used the common toad Bufo bufo which is a main amphibian traffic victim in Europe. We collected toe clips of dead and live toads during their breeding migration in four sampling sites located in the lowlands of western Poland. Phalanges were used for age determination by the skeletochronology. There were no significant differences in age distribution between live and dead individuals of the same sex in all populations studied. In compared groups, medians and mean ages were the same or differed marginally and confidence intervals for the mean age almost completely overlapped. Our results suggest that toads are killed on roads regardless of individual age, thus skeletochronological analysis of dead individuals is useful to study age structure of a live population. Our approach allows to avoid mutilation of amphibians and can be used to increase the knowledge of age structure of a given species living near the road as well as to study long-term road effect on amphibian demography. However, further comparative research on different species is required.
Introduction
Expansion of road network strongly influences wildlife around the world (Balkenhol and Waits 2009; Ward et al. 2015; Ibisch et al. 2016) . It is pointed out that road mortality is the most severe consequence of habitat split (Baxter-Gilbert et al. 2015; Skórka et al. 2015) , and can be responsible for elimination of individuals with good body condition from populations (Bujoczek et al. 2011) . The most common traffic victims, as well as the most negatively affected by roads among vertebrates, are amphibians (Hels and Buchwald 2001; Glista et al. 2008; Beckmann and Shine 2015) , which at the same time are one of the most threatened taxonomic group worldwide (Stuart et al. 2004) . Despite this, amphibians are one of the least studied vertebrates in the context of roads impact on populations (Rytwinski and Fahrig 2012) .
The road-killing of amphibians is an unresolved problem in a global scale (Beebee 2013 ). This phenomenon may be an opportunity to examine many aspects of road effects on animals (Santos et al. 2011 (Santos et al. , 2015 Cosentino et al. 2014; D'Amico et al. 2015) . Moreover, road carcasses can be used to study species distribution, habitat preferences, or phenology (Orłowski 2007; Sutherland et al. 2010) . They are also a potential non-invasive alternative to obtain material for further research, including genetic analysis (Balkenhol and Waits 2009) , detection of amphibians' diseases (Martel et al. 2012) , trace elements in bones (Simon et al. 2012) , or histology and age structure (Kaczmarski et al. 2016) . Although this approach could limit invasive methods, the data obtained from road kills may be biased due to removal of carcasses from roads by scavengers (Antworth et al. 2005) . Comparative data concerning road-killed animals and live populations is scarce (Loughry and McDonough 1996) and there is no certainty whether road kills are a representative sample of entire population, and to what extent are they useful to conduct noninvasive research of their life history traits.
Studies on population age structure are crucial to investigate age of maturity, longevity including reproductive life span, mortality, growth rate, and fecundity (Reading 1991; Smirina 1994; Socha and Ogielska 2010) . They are also important in understanding the species population dynamics (Hemelaar 1986; Smirina 1994; Middleton and Green 2015) . Amphibian body length and mass are more dependent on environmental factors and individual predispositions, thus these parameters should not be used to estimate precise age (Hemelaar 1986; Reading 1991) . Consequently, the most reliable method to estimate individual age irrespective of body dimensions is skeletochronology (Smirina 1994; Ogielska et al. 2006) . It is based on lines of arrested growth (LAGs) formed in the periosteum of the long bones during hibernation when bone tissue apposition stops. Long bones, especially phalanges, are the most useful skeletal elements for this method (Smirina 1994) , thus dead amphibians provide possibility to collect the material without mutilating live animals.
Furthermore, amphibians are very sensitive to negative impact of the human activities, therefore studies of the age structure dynamics can be used in biomonitoring, including effect of climate change, or in estimating probability of threatened populations extinction (Guarino et al. 2008; Middleton and Green 2015; Sinsch 2015) . These studies are essential for developing suitable conservation plans for populations, and species management in their natural environments (Driscoll 1999) . Large-scale and long-term studies can show such dependencies (Tryjanowski et al. 2003 (Tryjanowski et al. , 2006 ; however, if possible, they should be carried out with a minimum degree of invasiveness.
In this study, we tested the hypothesis that age structure of road-killed common toads and live individuals which crossed the road successfully during a breeding migration does not significantly differ. We also suggest that the age estimation of road-killed amphibians may be applicable to studies of current structure of an adjacent live population, thereby constituting non-invasive approach and allowing to avoid stress and mutilation of live animals.
Materials and methods

Model species
The common toad Bufo bufo is an example of explosively breeding amphibian (Gittins 1983) . Depending on the weather condition, their breeding migration generally lasts between 10 days and 1 month (Gittins 1983; Juszczyk 1987) . According to the International Union for Conservation of Nature (IUCN), B. bufo is common over majority of its range, listed as least concern and population trend as being stable (Agasyan et al. 2009 ). Previously, it was used to conduct research on a wide range of spatial and temporal scales (Tryjanowski et al. 2003; Sparks et al. 2007) . B. bufo is also a main victim among amphibian road kills in Europe (Beebee 2013) , including Poland (Gryz and Krauze 2008; Elzanowski et al. 2009 ). Its vulnerability to road mortality is higher than in other amphibian species because of short and explosive reproduction, tendency for long distance migration, and philopatry, as well as widespread occurrence even in human-altered habitat due to their plasticity Hels and Buchwald 2001; Orłowski 2007) . Toad carcasses can remain on the roads over a dozen days or sometimes even several weeks, due to their large sizes, tough skin, and toxicity (Santos et al. 2011) , and thus it can be one of the best amphibian species offering various examinations based on material from animal collisions with vehicles. However, recent data have shown populations decline in several countries such as the UK (Carrier and Beebee 2003; Petrovan and Schmidt 2016) , Italy (Bonardi et al. 2011), or Switzerland (Petrovan and Schmidt 2016) , also caused by long-term effect of road mortality in the UK (Cooke 2011) .
Data collection
We conducted field survey in 2016 and 2017 in the lowlands of western Poland, Central Europe. Based on our previous field observations, we localized four road mortality hotspots in nonoverlapping sampling sites. Using QGIS 2.4 (Quantum GIS Development Team 2014) and the orthophotomaps (provided by Head Office of Geodesy and Cartography; http://www. geoportal.gov.pl/), we assessed the land cover classification of each site studied within a 500 m buffer area surrounding central point of road mortality, taking into account the average range of space used by species traits (Guillot et al. 2016; Salazar et al. 2016 ; see Online Resource for details). Thus, we classified each site as follows: 1-suburban site (Ochla), constituted estate of detached houses near Zielona Góra city; 2-suburban site (Maślice), district in the suburban part of Wrocław city comprised artificial pond in park surrounded by estate of detached houses; 3-forest site (Łagów), forest area placed near Łagowskie and Ciche Lakes; and 4-rural site (Brody), rural area near Nabłoto fish ponds (Fig. 1 , see Table 1 for geographic coordinates and m a.s.l.).
In sites 1 and 2, we collected toads throughout the entire amphibian migration period (an average of 10-17 days), but in sites 3 and 4 only during one evening at the middle of migration time. An hour after dark, we captured by hand all encountered live toads, that crossed the road which intersects their migration routes, and dead ones killed due to collision with vehicles. We determined sex of live and dead individuals directly in the field (according to Kaczmarski et al. 2016 ). We identified males by the occurrence of the nuptial pad, whereas females by ovaries and eggs (dead individuals) and auxiliary also by body size and shape.
We cut off the 4th toe of the hind limb from each individual using microsurgical scissors, sterilized each time before use (only in case of live toads). We disinfected the resulting wound in live toads with 0.01% potassium permanganate. After the procedure, we immediately released live individuals to their habitat.
Skeletochronological analysis
We stored the toes in Eppendorf tubes with 80% ethanol. We performed skeletochronological analysis according to Rozenblut and Ogielska (2005) with some modifications in protocol (see Kaczmarski et al. 2016 for details). After removing the soft tissue, we decalcified phalanges in 1:1 mixture of 10% formic acid and 4% formalin for a maximum of 4 h. We froze decalcified phalanges, sliced them into 10-μm thick sections by freezing microtome, and stained in 0.05% cresyl violet. For age evaluation, we counted the number of LAGs, deposited in periosteal bone during each hibernation (1 LAG = 1 hibernation = 1 year of life) (Smirina 1994; Rozenblut and Ogielska 2005 ). Since we have collected the toads shortly after hibernation, we counted the bone outer margin as the last LAG (Rogers and Harvey 1994) . We examined at least 20 cross sections of central part of a diaphysis per individual (Sinsch 2015) . We performed analysis of histological samples under Carl Zeiss Axioscope 20 light microscope at different magnifications, ranging from × 10 to × 40, and we took selected images of sections with a Carl Zeiss Axiocam Color Microscope Camera.
Statistical analysis
In order to estimate intra-observer error, we measured Spearman's rank correlation coefficient, within one observer (K.K.) and among two observers (K.K. and B.R-K.) for 30 randomly chosen individuals. In both cases, age estimation agreed (Spearman's rho, within K. K.: r = 0.89 p < 0.05, between K. K and B. R-K.: r = 0.82 p < 0.05, respectively).
We used two-sampled Kolmogorov-Smirnov test to compare age distribution between live and dead toads of the same sex. Due to insufficient sample size of females from sites 3 and 4, we have excluded them from statistical analysis. Statistical significance was defined when p < 0.05. The statistical analysis was performed using SPSS software, version 20.
Results
We collected 473 toads including 238 live and 235 dead individuals (see Table 1 for details). Age estimation by In all studied populations, medians and mean ages in live and dead individuals of the same sex were similar or differed marginally (Table 1, Figs. 2 and 3) . Confidence interval for the mean age almost completely overlapped as well. KolmogorovSmirnov test revealed no significant differences in age distribution between live and dead individuals of the same sex from sites 1 and 2, as well as between live and dead males from sites 3 and 4.
In a suburban site 1 (Ochla), mean age ± SD of live and dead males was 4.88 ± 0.89 and 4.88 ± 1.39 years respectively (Table 1) . Toads reached the age from 3 to 7 and from 3 to 9 years respectively. In both groups, 4-and 5-year-old individuals dominated (Figs. 2 and 3 ). Live females (5.82 ± 1.59) were slightly older then dead ones (5.72 ± 1.64) ( Table 1) . Age distribution ranged from 3 to 9 and from 3 to 10 years for live and dead individuals, respectively, without clearly dominating age classes (Figs. 2 and 3) .
In a suburban site 2 (Maślice), mean age of live and dead males was 4.39 ± 1.04 and 4.32 ± 1.06 years respectively (Table 1) . Age ranged from 3 to 8 in live and from 3 to 7 years in dead toads. Among them, 4-and 5-year-old individuals were predominant group (Figs. 2 and 3 ). Mean age of live and dead females was 5.75 ± 1.2 and 5.35 ± 1.23, respectively (Table 1) . Age ranged from 3 to 9 years in live and from 3 to 8 years in dead toads. In both groups, 5-and 6-year females were prevailing. Among live and dead males, medians were the same, whereas among females differed marginally (Table 1, Figs. 2 and 3) .
In a forest site 3 (Łagów), mean age of live and dead males was 4.52 ± 1.6 and 4.00 ± 0.8 years, respectively (Table 1) . Age ranged from 3 to 7 in live and from 3 to 6 years in dead toads. Mean age of live and dead females was 5.7 ± 1.5 and 6.2 ± 1.92, respectively, and ranged from 3 to 9 years in live and from 4 to 8 years in dead toads (Fig. 2) .
In a rural site 4 (Brody), mean age of live and dead males was 4.28 ± 0.98 and 4.00 ± 0.7 respectively (Table 1) . Age ranged from 3 to 9 in live and from 3 to 5 years in dead toads. Mean age of live and dead females was 5.75 ± 1.89 and 5.5 ± 0.58, respectively, and ranged from 5 to 9 in live and from 3 to 7 years in dead toads (Fig. 2) .
Discussion
Age structure of live and road-killed toads
Our results confirmed the hypothesis that age structure of road-killed common toads and live individuals, which crossed the road during the breeding migration, did not significantly differ. Both males and females of the common toad were Table 1 Sampling sites, number of live (L), dead (D) individuals of common toad Bufo bufo, and age structure of studied populations killed on roads regardless of the individual age. Age distribution among live and dead toads almost completely overlapped in all studied populations. Similar results were previously reported for a mammal species, the nine-banded armadillo (Dasypus novemcinctus), by Loughry and McDonough (1996) , although the authors stated that road-killed individuals are representative demographic sample of the adults, but not of the whole population. They found almost no juvenile carcasses, while they were observed in adjacent live population. However, in our study, we focused on breeding migrating population of common toads, therefore we detected only sexually mature individuals (Kaczmarski et al. 2016; Hemelaar 1986 ). Juvenile toads do not migrate to breeding ponds, nevertheless, we cannot exclude the possibility of finding roadkilled young individuals migrating to foraging habitat in different locations. However, they are less likely to be eliminated by vehicle collisions than adult ones (Orłowski 2007; Brzezinski et al. 2012) . It was shown recently that various habitats could affect the intensity of migration (Orłowski et al. 2008 ) and influence the morphology of amphibians (Guillot et al. 2016) , as well as their life history traits (Sinsch et al. 2007 ), but less frequently age structure (Kaczmarski et al. 2016) . However, despite of differences in habitat type presented in our study (suburban, forest, rural), toads were killed by vehicles in a random manner at all study sites.
Our results revealed that the age of migrating toads varied between 3 and 10 years. Because the life expectancy of individuals taking part in reproduction is approximately 8 years in lowlands, and up to 18 years at higher altitudes (Hemelaar 1986) , we conclude that the individuals in our study fitted in this range and may constitute a part of breeding population.
Skeletochronological interpretation
Skeletochronological analysis using the bone material from phalanges allowed us to evaluate individual age in all roadkilled toads. Previous research revealed 95% possibility of age estimation on the basis of road-killed individuals (Kaczmarski et al. 2016) . In some studies, material obtained from live Fig. 2 Age distribution of common toads Bufo bufo used in this study amphibians did not allow to assess age for all studied individuals. For example, Cvetković et al. (2005) could not determine age in 14 (12.3%) out of 114 samples. Such problems are usually caused by insufficient bone decalcification, inaccurate cross sectioning resulting in low sample quality, and poor affinity for stain used, as well as high concentration of anomalies in the periosteal bone resulting in indistinct or almost invisible resting lines (Cvetković et al. 2005; Kaczmarski et al. 2016 ). Thus, method based on phalanges from roadkilled amphibians can be successfully used in the study of their age structure, while respecting an appropriate protocol to prepare the material.
Use of road kills for scientific purposes
Although we found no significant differences in age structure between road kills and live toads, we cannot be sure if dead toads are representative sample of the breeding population. In fact, we do not know whether our sample areas were the only path the toads used to access the breeding ponds (this is the individual feature of each population). We would provide a stronger representative sample of the actual breeding population if the live toads were collected directly from breeding ponds. Such an approach should be the subject of future investigation, especially, that if the road-killed toads are truly representative of the breeding population then their carcasses would be also a representative source for tissue samples for future needs, e.g., genetics studies.
In spite of all, confirmation of our assumption has opened a new way to broad-scale studies. In contrast to obtaining material from live animals, using toe clips from carcasses does not cause mutilation of living individuals from given population and does not require permissions from ethical commissions. Although toe clipping is a widely accepted and costeffective technique for marking individuals (it especially enables obtaining material for further studies such as age assessment), the effect on amphibian survival varies among species and is still under debate (McCarthy and Parris 2004; Funk et al. 2005; Perry et al. 2011 ). In our opinion, the main limitation of non-invasive research based on road-killed amphibians is availability of material from required sites. However, worldwide fragmentation of landscape rapidly increases resulting in deterioration of the connection between habitats (Ibisch et al. 2016 ). In combination with amphibians' urge to reproduce and cross the roads massively, it causes huge mortality of many species from different habitats (Elzanowski et al. 2009; Orłowski et al. 2008; Beebee 2013) . The vast majority of amphibians cannot create avoidance mechanisms that could protect them from road mortality, and immobility is their only response to the approaching vehicles (Mazerolle et al. 2005; Bouchard et al. 2009 ). On the other hand, according to Grace et al. (2017) , species with lower reproductive rate are less abundant roadside than those with higher one, and thus are potentially less vulnerable to roadkill effect. Furthermore, some amphibians are very rare victims of collisions with vehicles as the traffic noise impairs their breeding migration behavior (Tennessen et al. 2014 ). In such cases, our Fig. 3 Comparison of age distribution between live and dead common toads Bufo bufo of the same sexes from Ochla and Maślice locations approach would probably not be effective. It is also important to note that toads, thanks to their features, especially toxicity (Kowalski et al. 2018) , are inedible for many scavengers and can remain longer on the road than other amphibians. Thus, similar studies on the basis of different species, such as ranids, salamandrids, and other pool-breeding amphibians, should be carried out, as well, but interpretation of resulting data requires more caution. For better understanding of amphibian road mortality phenomenon, studies of their age structure should be conducted on both road-killed individuals and in populations not threatened by traffic, especially that long-term impact of roads as well as various different factors may disturb the structure of population. In fact, all papers reviewed by Rytwinski and Fahrig (2015) showed negative road impact on amphibians, regardless of their life history traits.
Current knowledge of amphibian age structure includes above 200 species, predominantly anurans, but data for many species is still limited to some subpopulations or individual site and derived mostly from temperate zones (Sinsch 2015) . However, demographic data is crucial for better understanding of the human role in amphibians' decline (Petrovan and Schmidt 2016) . Long-term skeletochronological investigations into many populations in broad spatial scale are necessary, in order to estimate their response to human-made changes in the environment, including new road infrastructure development, and to distinguish them from natural geographical variation or impact of climate change. Our approach provides both, study of the current age structure of migrating population under road pressure of a given species and/or collecting long-term data to evaluate age-related population trends. Indeed, using such demographic data, we can predict how human pressure and environmental factors may contribute to changes within amphibian population or even to their extinction. Some life history traits such as age of maturity, longevity, or potential reproductive life span are good indicators of habitat quality (Sinsch et al. 2007 ). As demonstrated, continuous road mortality causes the decline in numbers of individuals in amphibian populations (Gibbs and Shriver 2005; Cooke 2011 ) and, according to Middleton and Green (2015) , as the population decreases, the mean age increases as the result of lower recruitment.
Finally, knowledge of amphibian age structure in locations of increased mortality rates can contribute to protection and management of the most endangered populations. Indeed, thanks to this, we can indicate which populations require immediate protection and take action before population collapse. In cooperation with environmental NGOs, conservationists, and local authorities, we can focus our effort on most threatened populations, especially in the face of limited financial resources.
Conclusions
We would like to emphasize that this study is a step towards better understanding of roads and traffic impact on the amphibians. The age structure is another necessary but neglected indicator of population status besides already established measures such as body condition (morphometry) and more innovative ones as the estimation of the stress hormone levels (Janin et al. 2011) . Amphibian mass road mortality increases with the development of infrastructure and is faster than mitigation action. It allows us to prepare longterm data sets that can be used in the future for estimation of large-scale trends. Volunteers taking part in amphibian conservation actions in many countries are an invaluable asset for collecting census data (Bonardi et al. 2011; Petrovan and Schmidt 2016) , and material from road carcasses, necessary for the age structure investigation. The use of road-killed amphibians in the aforementioned study has the added benefit of field scientists avoiding contact with live specimens during data collection, thus limiting transfer of infectious diseases responsible for worldwide amphibian decline (Phillott et al. 2010) . However, further research conducted on other species vulnerable to road mortality around the world is needed to assess the possibility of using their carcasses in the context of entire population.
